ad Mg-Al hydrotalcite coatings have been grown on alumina via a novel alkali-and nitrate-free impregnation route and subsequent calcination and hydrothermal treatment. The resulting Mg-HT/Al 2 O 3 catalysts significantly outperform conventional bulk hydrotalcites prepared via co-precipitation in the transesterification of C 4 -C 18 triglycerides for fatty acid methyl ester (FAME) production, with rate enhancements increasing with alkyl chain length. This promotion is attributed to improved accessibility of bulky triglycerides to active surface base sites over the higher area alumina support compared to conventional hydrotalcites wherein many active sites are confined within the micropores.
Introduction
Global energy consumption is predicted to rise from 550 EJ in 2020 to 865 by 2040, 1 placing a growing strain on existing fossil fuel reserves and driving controversial efforts to develop new engineering approaches to accessing recalcitrant hydrocarbons through e.g. fracking or bituminous 'tar' sand extraction. 2 However, more environmentally friendly routes to (low cost) liquid transportation fuels are potentially available from biomass. 3, 4 In order for such 'second generation' bio-fuels to be sustainable, they should be sourced from either non-edible crop components (e.g. stems, leaves and husks), forestry waste, or alternative non-food plants such as switchgrass, Miscanthus or Jatropha curcas, 5 which require minimal cultivation and do not compete with traditional arable land or drive deforestation, or algal sources. Biodiesel is a clean burning and biodegradable fuel which, when derived from non-food plant or algal oils or animal fats, is viewed as a viable alternative (or additive) to current petroleum-derived diesel. 6 Commercial biodiesel is currently synthesised via liquid base catalysed transesterification of C 14 -C 20 triacylglyceride (TAG) components of lipids with C 1 -C 2 alcohols 7-10 into fatty acid methyl esters (FAMEs) which constitute biodiesel, alongside glycerol by-product. 11 While the use of higher (e.g. C 4 ) alcohols is also possible, 12 and advantageous in respect of producing a less polar and corrosive FAME 13 with reduced cloud and pour points, 14 the current high cost of longer chain alcohols, and difficulties associated with separating the heavier FAME product from unreacted alcohol and glycerol, remain problematic. The predominant liquid base catalysts employed in biodiesel synthesis are NaOH and KOH. Extraction of the biodiesel product and removal/neutralisation of the base catalysts is hampered by competing saponification and emulsification side reactions, 15 but is essential to prevent corrosion of vehicle fuel tanks and injector systems. The attendant quenching and processing steps contaminate the glycerol by-product with alkali salts and water, rendering the former unusable as a commodity chemical for the food and cosmetics industry. Heterogeneous catalysts offer facile product separation, eliminating the requirement for such quenching steps and permitting process intensification via continuous biodiesel production, 16, 17 and are hence the subject of intensive academic and industrial research. 18, 19 Solid base catalysts such as hydrotalcites, 20, 21 alkaline earth oxides [22] [23] [24] [25] [26] and alkali-doped mesoporous silicas 27 exhibit good activity for TAG transesterification to biodiesel. Dispersing alkali or alkaline earth elements over high surface area materials such as silica 28 or alumina 29 is a well-liquid phase 34 by improving the accessibility of reactants to in-pore active sites and accelerating product removal to the bulk solution. In an attempt to overcome mass transport limitations in biodiesel synthesis from viscous oils in bulk microporous hydrotalcites, we have developed a new alkali/nitrate-free hydrothermal route to tunable Mg-Al hydrotalcite coatings dispersed on alumina from a Mg(OCH 3 ) 2 precursor. The resulting materials exhibit Turnover Frequencies (TOFs) for the transesterification of short and long chain TAGs far exceeding those achievable over conventional hydrotalcites produced by co-precipitation, providing new possibilities to heterogeneously catalysed biodiesel production.
Experimental

Catalyst synthesis
Commercial γ-alumina (Degussa 110 m 2 g −1 , 5 g) was dried at 80°C for 1 h. To this, 21.8 cm 3 magnesium methoxide solution (Aldrich 6-10 wt% in methanol) was added to form a homogeneous paste on mixing. After 15 min stirring, the mixture was dried under vacuum at 80°C for 1 h to remove excess methanol and yield a 10 wt% Mg sample. In order to incorporate higher magnesium loadings, additional magnesium methoxide treatments were performed identically to above, with each impregnation nominally adding 10 wt% Mg. . EDX analysis was carried out on a Oxford Instruments EVO SEM utilising Inca software. Prior to analysis samples were uniformly dispersed over a carbon disc on an aluminium stub, and sputter coated with 90 : 10 mixture of gold and palladium to minimise charging.
Transesterification
Transesterification was performed using a Radleys Starfish parallel reactor at 60°C. Glass round-bottomed flasks were charged with 10 mmols of individual saturated TAGs C 3 H 5 (OOR) 3 (R = C 4 and C 8 ) or the unsaturated glyceryl trioleate (Aldrich, 98%) in methanol (12.5 mL, i.e. 170 mmols), with dihexyl ether (0.0025 mol, Aldrich, 97%) as an internal standard. 18.5 wt% butanol was added to ensure complete TAG solubility (35 wt% for the glyceryl trioleate). Reactions were performed in air using 50 mg of catalyst. Aliquots were periodically withdrawn and filtered prior to detailed analysis of TAG conversion and FAME production on a Varian 450 GC with 8400 autosampler. C 4 -C 8 TAGs and reaction products were analysed using a Zebron Inferno ZB-5HT capillary column (15 m × 0.32 mm i.d. and 0.1 μm film thickness), while triolein and associated products were analysed via on-column injection on a CP-simdist wide-bore column (10 m × 0.53 mm and 0.1 μm film thickness) with temperature-programmed injector.
The maximum conversion of tributyrin in the absence of any catalyst or presence of the bare alumina was <4% under our mild reaction conditions, falling below the limits of detection (±1%) for tricaprylin and triolein. Initial rates were calculated from the linear portion of the conversion profile during the first 60 min of reaction. Percentage FAME selectivity is defined
, where DAG and MAG are diglyceride and monoglyceride intermediates. TOFs were determined by normalising initial rates to the corresponding base site density of each sample. GC chromatograms evidenced only trace butyl esters under our reaction conditions, amounting to 0.3-0.5% of the total methyl esters formed, suggesting that low temperature TAG transesterification by butanol has negligible impact on our reported TAG conversions.
Results and discussion
Characterisation
The magnesium content of the Mg-HT/Al 2 O 3 samples was first quantified by EDX, which showed a systematic increase from 5 wt% to 17 wt% across the series. These values are significantly lower than the nominal Mg loading added during synthesis which we attribute to coincident hydroxide and water incorporation during grafting. XRD patterns of the materials reveal a common set of reflections at 11.6°, 23.4°, 35°, 39.6°, 47.1°, and 61.1°characteristic of Mg-Al hydrotalcites, 55, 56 in good agreement with those observed for the co-precipitated HT standard ( Fig. 1 ). Volume-averaged crystallite sizes determined from line broadening using the Scherrer equation were similar for all samples (Table 1) at around 30 nm, but significantly larger than that derived for the conventionally prepared (unsupported) Mg-Al hydrotalcite of 6 nm. 20 This shows that the hydrotalcite phase present in Mg-HT/Al 2 O 3 exhibits longer range order, likely reflecting its extended hydrothermal treatment compared to the less aggressive vapour phase rehydration method used to prepare the conventional HT. For example, low temperature (liquid phase) rehydration is more effective in crystallising unsupported hydrotalcites than higher temperature (vapour phase) rehydration (Fig. S1 † (Fig. 2) , indicating that magnesium is exclusively incorporated into hydrotalcite phases and not e.g. undesired brucite or additional MgO. The relative intensities of hydrotalcite reflections from all the Mg-HT/Al 2 O 3 materials were very similar to that of the 2 : 1ConvHT reference, indicating they possess similar, three-dimensional crystallite morphologies (Table S1 †) .
In order to calculate the composition of hydrotalcite present within our Mg-HT/Al 2 O 3 series, Vegard's law was first applied to quantify the relationship between the lattice parameter and Mg:Al ratio of pure, nanocrystalline hydrotalcites prepared via conventional co-precipitation (0.5 : 1ConvHT-2 : 1ConvHT). 20 As anticipated, the bulk Mg : Al atomic ratio determined by EDX varied linearly with lattice parameter for the reference materials (Fig. 3) . 58 This relationship was utilised in conjunction with the XRD-derived lattice parameters from (Fig. S2 †) reveals the BET surface areas Mg-HT/Al 2 O 3 are comparable to the alumina support for low Mg loadings, but decrease >9 wt% Mg, although still twice that of the pure 2 : 1ConvHT ( Table 2 ). The BJH pore volumes for the Mg-HT/Al 2 O 3 series are significantly higher than the parent alumina support, but fall likewise fall at high Mg loadings. We hypothesise that hydrotalcite crystallites initially nucleate widely spaced over the alumina surface, creating intercrystallite mesoporous voids; as the number of (similar sized) hydrotalcite crystallites rises with consecutive impregnation cycles, these interparticle voids are eliminated. The mean pore diameter may also rise due to blockage of microand smaller mesopores in the alumina support by preferential hydrotalcite crystallisation at such pore entrances. Thermal analysis of Mg-HT/Al 2 O 3 samples showed the expected weight losses due to desorption of interlayer hydroxide anions (Fig. S3 †) which increased with Mg loading consistent with their greater hydrotalcite content seen by XRD.
Surface basicity of Mg-HT/Al 2 O 3 was assessed via CO 2 TPD of the pre-saturated materials. Fig. 4 shows that all supported hydrotalcites possess significantly lower base site densities than the co-precipitated 2 : 1ConvHT reference. However, in contrast to the pure hydrotalcite which only exhibits a single well-defined desorption peak~350°C, all the Mg-HT/Al 2 O 3 samples display two distinct CO 2 desorptions. The low temperature desorption (centred~300°C) is assigned to bicarbonate species formed at surface hydroxide anions exposed on the external surface of hydrotalcite crystallites and the parent alumina. 60, 61 These are weaker bases than the interlayer hydroxide anions, 62 hence the higher temperature feature (>370°C) is assigned to CO 2 bound between the brucite-like sheets. 63 The desorption areas, and hence densities, of both types of base sites present within Mg-HT/Al 2 O 3 increase with Mg content (Table 3) , consistent with increased hydrotalcite formation apparent by XRD and TGA. The desorption peak maximum for interlayer bicarbonate shifts to lower temperature with increasing Mg content, converging towards that of the 2 : 1ConvHT for the 17 wt% Mg-HT/Al 2 O 3 sample. We attribute the higher initial desorption temperature to contributions from a disordered MgO phase at the alumina interface as evidenced by XPS in the following section.
Further insight into the Mg-HT/Al 2 O 3 surface composition was obtained from XPS. Fig. 5 shows the resulting background subtracted, fitted Al 2p and Mg 2s XP spectra as a function of bulk Mg content, alongside pure alumina and MgO reference compounds. Considering the Al 2p spectra of the parent alumina first, two distinct sets of spin-orbit split in the expected~2 : 1 ratio for a defective spinel structure. 65 Magnesium impregnation results in the appearance of a new doublet at 73.5 eV, whose intensity increase monotonically with Mg loading and we assign to the hydrotalcite phase. Coincident attenuation of alumina features demonstrates that hydrotalcite crystallites coat the support surface, presumably via the dissolution and reaction of aluminium cations as previously hypothesised from EXAFS studies. 50, 51 The Mg 2s XP spectra of Mg-HT/Al 2 O 3 materials reveal a high BE component at 87.9 eV characteristic of MgO, 65 and a second component at 88.5 eV which grows with Mg loading and is likewise assigned to hydrotalcite formation.
Attenuation of the underlying alumina XP signal at 74.7 eV relative to the summed hydrotalcite (Al 2p 3/2 73.5 eV and Mg 2 s 88.5 eV) XP signals is directly proportional to the Mg content (Fig. 6) , indicating that successive magnesium additions produce new hydrotalcite crystallites over exposed patches of the support, resulting in a conformal coating, rather than a rough/porous three-dimensional film. This is consistent with the loss of (intercrystallite) mesopore voids at higher Mg loadings seen in Table 2 Attenuation of the alumina XP signal can also be used to estimate the fractional coverage of the hydrotalcite coating.
Since the mean hydrotalcite crystallite size of~30 nm is sufficient to fully screen any contribution from the underlying support, the remaining alumina XP signal detected must arise from exposed areas. The surface coverage of the 17 wt% Mg-HT/Al 2 O 3 hydrotalcite coating is around 0.55 of a monolayer, similar to that estimated from the parent alumina surface area and the surface density of Mg atoms within a 2 : 1 Mg-Al hydrotalcite phase (Table S2 †) . Scheme 1 summarises the proposed growth mode of the hydrotalcite coating over alumina.
Catalytic transesterification
The efficacy of our Mg-HT/Al 2 O 3 materials for FAME production was evaluated via the transesterification of increasingly bulky TAGs, from tributyrin (C 4 ) through to glyceryl trioleate (C 18 ), with methanol under mild conditions. Reaction profiles for resulting FAME production are shown in Fig. 7 for the highest loading 14 wt% and 17 wt% Mg-HT/Al 2 O 3 , alongside the conventionally prepared 2 : 1ConvHT material. Two reaction regimes were observed for all catalysts and substrates; rapid esterification during the initial 50-200 min of reaction wherein the FAME yield increases linearly with time, followed by a slower phase with TAG conversion reaching a plateau between 26-55%. Table 4 compares the initial rates of TAG conversion (determined directly by GC analysis and not inferred from FAME yields) and limiting conversion and selectivity after 24 h reaction across the Mg-HT/Al 2 O 3 series. Note that the low loading 5 wt% and 9 wt% Mg-HT/Al 2 O 3 were not tested in triolein transesterification since their low base site densities prohibited accurate conversion measurements during the early stage of reaction. The absolute initial rate increased almost linearly with Mg loading, closely mirroring the rise in total and interlayer base site densities. Despite the 50 mg 2 : 1ConvHT catalyst charge comprising pure hydrotalcite with a high base site density, the associated initial rate of TAG conversion was comparable to that of the 17 wt% Mg-HT/Al 2 O 3 catalyst. Resulting Turnover Frequencies for the coated aluminas are thus far superior to that of the co-precipitated reference catalyst, offering three-(C 4 /C 8 ) to ten-fold (C 18 ) rate enhancements (Fig. 8) . This indicates that the majority of active sites in the 2 : 1ConvHT reference do not participate in esterification, even though individual crystallites are significantly more highly dispersed (6 nm) and afford a far higher density of base sites accessible by CO 2 than those in the coated aluminas (~30 nm). Nanocrystallite aggregation during the conventional hydrotalcite preparation seems the likely culprit for its poorer performance.
TOFs for Mg-HT/Al 2 O 3 were almost identical whether calculated per base site or per interlayer base site, and crucially, were independent of Mg loading for all TAGs (Fig. 8) . The latter observation is consistent with our model of a two-dimensional (nanocrystalline) hydrotalcite coating spreading over the alumina support, rather of than threedimensional growth at higher Mg loadings which would impede TAG diffusion and access to active base sites lowering the apparent TOFs. Indeed, absolute TOF values for the Mg-HT/Al 2 O 3 catalysts are comparable to those recently reported employing a (pure) macroporous Mg-Al hydrotalcite to overcome mass-transport limitations even for bulky triglycerides. 20 Since the proportion of surface MgO and hydrotalcite varies with loading (Fig. 6) , the observation of a common TOF value for the C 4 and C 8 TAGs suggests either both phases have the same intrinsic activity towards transesterification, or that only the hydrotalcite coating participates in reaction; as mentioned above, the absolute TOF values of 10-20 min −1 are in excellent agreement with literature values for hydrotalcites, and an order of magnitude greater than expected for MgO, 25, 66, 67 hence we favour the latter hypothesis. Observation of a constant TOF when normalising rates to the (more strongly basic) interlayer OH − density suggests that these are the active sites responsible for transesterification, rather than weaker hydroxyls on the external surface of hydrotalcite crystallites (for which a volcano dependence of TOF on loading is obtained). This conclusion is also in accordance with the other key finding from Fig. 8 , namely the decrease in TOF for each Mg-HT/Al 2 O 3 with alkyl chain length from 19 (C 4 ) > 9 (C 8 ) > 1 (C 18 ); access to base sites within the microporous interlayers is expected to fall significantly as the molecular size of TAGs increases.
Selectivity to the desired FAME product increases with TAG conversion in all cases, as expected, since more active catalysts are likely to favour esterification of the diglyceride (DAG) and monoglyceride (MAG) intermediates (Fig. S4 †) . The lower selectivity of the Mg-HT/Al 2 O 3 catalysts simply reflects their lower conversions relative to conventional, pure hydrotalcites (unsurprisingly since they contain far fewer base sites), and hence greater yield of intermediate DAGs and MAGs, which are precursors to the desired FAME product. Hence lower selectivity is not a result of alternative side-products, or subsequent reaction of FAME, but merely that, as for any sequential reaction, the higher the initial TAG conversion (and thus greater concentration of reactive intermediates), the greater probability that DAG and MAG liberated into the reaction media will compete effectively with the TAG feedstock to re-adsorb and further react at surface base sites -the pre-requisite for FAME production. However, Table 4 also reveals that for all catalysts FAME selectivity increases with TAG chain length, e.g. from 20% to 42% for the 17 wt% Mg-HT/Al 2 O 3 . We suggest this relates to the increasingly poor solubility of the heavier DAG/MAG intermediates in the methanol-butanol solvent, and hence longer residence time within the HT interlayer of crystallite edges and consequent propensity to undergo consecutive esterification reactions. In contrast, the highly soluble di-and monobutyrin are readily solubilised in the alcoholic bulk medium resulting in poor FAME selectivities.
Stability of the active HT phase within Mg-HT/Al 2 O 3 catalysts was assessed by bulk and surface analysis following recovery via hot filtration and methanol washing (50 cm 3 ) after a 24 h tributyrin transesterification. EDX showed no change in the Mg : Al ratios for any loading, suggesting minimal Mg leaching View Article Online during reaction. XRD revealed the hydrotalcite structure was preserved in all cases with negligible change in the interlayer spacing post-reaction, although crystallite sizes decreased slightly (Fig. S5 †) . The HT lattice parameter also exhibited a small decrease from e.g. 2.08 : 1 to 1.87 : 1 for 17 wt% Mg-HT/Al 2 O 3 suggesting a small amount of aluminium was incorporated in the hydrotalcite coating during esterification. The latter conclusion is supported by the higher intensity of HT versus alumina reflections post-reaction, whose ratio increases bỹ 120 ± 30% across the coated aluminas. This surprising observation that the spent catalyst contains more of the desired active hydrotalcite phase than the fresh material was further supported by XPS. Fig. 9 plots the mean change in Mg 2s and Al 2p derived HT surface populations (as a function of Mg loading), following tributryin esterification. All Mg-HT/Al 2 O 3 catalysts expose significantly more hydrotalcite post-reaction, at the expense of MgO and alumina, which we suggest react in situ via ion-exchange under the mild, solvothermal conditions. This enhancement is less for higher Mg loadings, wherein the freshly prepared surface HT coatings already encapsulate more of the alumina support (Fig. 6) .
In light of the preceding observation that XPS indicates no degradation of the hydrotalcite coating in spent catalysts, we examine the catalytic stability of the 17 wt% Mg-HT/Al 2 O 3 material towards tributyrin transesterification under repeated re-use (Fig. 10) . The spent catalyst was simply filtered and washed with 80 cm −3 of methanol after each reaction to remove any reversibly adsorbed TAG or products, dried at 80°C in air, and then re-introduced to the reactor with a fresh tributyrin/methanol charge without further pretreatment. This rapid, low cost and energy efficient regeneration protocol proved effect, with only a 10% drop activity after the first reaction, and no further change from second to third recycles. We attribute this small, one-off drop to site-blocking of the strongest base sites by strongly bound carboxylate residues which cannot be removed by our extremely mild solvent wash between cycles. It is likely that recalcination/rehydration of spent catalysts would suffice to fully regenerate this small deactivation.
Conclusions
A uniform and tunable coating of Mg-Al hydrotalcite nanocrystallites has been grown over amorphous alumina via an environmentally-friendly route employing impregnation and subsequent hydrothermal processing of magnesium methoxide, without recourse to alkali-or nitrogen-containing precursors. The hydrotalcite coating has a constant Mg : Al stoichiometry of 2 : 1 and interlayer spacing of~1 nm, and wets the alumina support with a coverage proportional to the magnesium concentration. Chemisorption measurements reveal two distinct base sites; minority, weakly basic surface hydroxyls, and majority, medium basicity interlayer hydroxide anions. Turnover frequencies for C 4 -C 18 triglyceride tranesterification with methanol over Mg-HT/Al 2 O 3 are superior to those of conventional (pure) hydrotalcites prepared via co-precipitation, particularly for the long chain triolein naturally occurring at 8-15% in Jatropha curcas seed oil, 68, 69 highlighting the potential application of these hydrotalcite coatings in biodiesel production from sustainable biomass. This enhanced reactivity is attributed to the high dispersion of hydrotalcite nanocrystallites over the parent alumina surface and associated intercrystallite mesopore voids, which eliminate mass-transport barriers to the diffusion of bulky TAGs prevalent within co-precipitated hydrotalcite catalysts. Indeed the TOFs observed herein for Mg-HT/Al 2 O 3 catalysts are comparable to those for macroporous hydrotalcites 20 synthesised through less cost-effective and more complex hard-templating protocols employing sacrificial polystyrene nanospheres. In summary, we have developed a simple, low cost route to depositing crystalline hydrotalcite coatings over high area alumina from benign precursors that affords highly active solid base catalysts for FAME production under mild reaction conditions.
